We have achieved 62 dB of gain in a four-pass 4 mm X 4 mm X 10 cm flash-lamp-pumped Nd:YAG slab laser amplifier. The zigzag-slab geometry permits the overlap of several beams in a small gain volume and thus provides efficient high-gain unsaturated amplification.
The zigzag-slab laser geometry permits efficient use of the unsaturated gain medium by using angular multiplexing to separate beams outside the slab volume.
Single-pass flash-lamp-pumped gains of 20 dB are routinely achieved with Nd:YAG rod amplifiers. At this level of gain, additional pump energy results primarily in increased amplified spontaneous emission (ASE) . A chain of amplifiers potentially allows for a total gain equal to the product of each amplifier gain, if the rods are spatially separated to attenuate ASE. The use of multiple rods to achieve very high gain is inefficient if the input energy is so low that the gain is not saturated. Efficient use of energy and hardware would result if the gain medium were passed through repeatedly. However, a technique for overlapping several beams inside the gain volume while separating them externally is required. Standard methods such as polarization multiplexing require the beam nearly to retrace its path. This retracing can result in feedback into the oscillator source and can, in addition, lead to parasitic oscillation of the amplifier. These problems are due to the near-normal-incidence optics required for this retracing.
We achieved multiplexing by utilizing the multiplicity of internal paths existing in an internally reflecting zigzag slab as shown in Fig. 1 . The slab geometry 5 was developed to reduce thermally induced optical distortion at high average power levels. Usually the angles are chosen such that the direction of the beam outside the slab is along the long axis of the slab. This need not be the case. A typical slab permits a number of rays to enter the slab at the center of the entrance face, emerge at the center of the exit face, and be totally internally reflected, as illustrated in Fig. 1 . Each such ray has a different number of total internal reflections and propagates at a different angle. Thus beams centered about these rays separate outside the slab. This angular separation also allows the beam-reinjection optics to remain at nonnormal incidence, reducing the problem of parasitic oscillations and feedback into the oscillator source.
We have designed a slab laser head specifically to permit this multiplicity of internal propagation paths. Figure 2 shows a cross section of the laser head. The slab is held by the two surfaces of trapezoidal shape, so that all four optical surfaces are surrounded only by coolant. A thin layer of coolant separates the slab from the large uncoated windows, which permit exit from and entrance to the slab at a range of propagation angles.
We fabricated a slab of center line length L = 95.3 mm, thickness t = 3.8 mm, width w = 4.0 mm, and apex angle s = 310. The slab was mounted in the head and pumped by a single-pulsed flash lamp of bore diameter 4 mm and discharge length 76 mm. Water, with index of refraction nOl = 1.33, was used as the coolant. Single-pass gain measurements were made using the longest possible internal path, with 0 just under the critical angle for total internal reflection,
where Ocrit = Cos-1 (ncoo1/nyAG) = 430 and nYAG = 1.82. The ASE-limited single-pass gain was measured to be 200, or 23 dB. For this measurement, the passive losses were not measured, so the net gain was somewhat less. In addition, the gain is slightly lower for the other paths owing to their shorter path lengths in the slab. To achieve angular multiplexing, a number of turning mirrors were arranged to provide four passes through the slab, using paths with N, the number of total internal reflections, equal to 17, 19, 21, and 23. The probe beam, the output of a diode-pumped Nd:YAG oscillator, was passed first through a permanent-magnet optical isolator and then through the slab. Unsaturated gain was measured for one, two, three, and four passes. Figure 4 is a plot of net gain, defined as the output power at the instant of greatest gain divided by the input power. Parasitic oscillation ultimately limited the four-pass gain to 62 dB. We believe that scattering from optical surfaces, all of which were at nonnormal incidence, provided the feedback for this oscillation. For operation beyond the 60-dB gain level, intermediate stages of optical isolation would be required unless extreme care were taken with optical polish and cleanliness.
The peak level of gain persisted for 30 gsec (FWHM). With the optical isolator adjusted for optimal isolation the output pulse was smooth, with modulation due to relaxation oscillations of the oscillator at the same percentage level seen in the oscillator alone.
The effective noise input to the amplifier was measured by placing a 98% transmitting aperture in the far field of the amplified beam. The peak power passing through the aperture with no optical input to the amplifier was measured at maximum gain. The measured power was divided by that gain to find an effective input power. This effective input noise power was less than 1 qW. This result is within 1 order of magnitude of the level predicted for a single spatial mode using fundamental quantum-mechanical considerations. 6 Since the input power to the amplifier ranged from 0.5 to 20 mW, the noise in the signal due to the amplifier was nearly unmeasurable.
For operation up to a 10-Hz repetition rate, the spatial quality of the amplified beam remained good. However, as the repetition rate was increased to 20 Hz, some thermal blooming of the beam was observed, indicating thermal loading problems in the flashlamp-pumped slab.
The following geometrical considerations in the design of the slab and reinjection optics are made with reference to Fig. 1 . The external angle 6 is related to the internal angle 0 and the angle of the slab apex s by application of Snell's law, n cos(6 + s) = cosW3 + s), (1) with n being the index of refraction of the slab material. The condition for a ray entering and leaving the slab at the center of each face is tan(O) = Nt/L, (2) where N is the number of total internal reflections, L is the length of the slab down the center line, and t is the thickness.
When the internal angle 0 is greater than the apex angle s, rays entering the slab near the apex are reflected back on the entrance face and lost. Therefore for 0 > s the useful aperture is somewhat less than the entire face. The condition for centering the beam on this useful aperture is This aperture reduction is not undesirable, as the larger value of the external angle 6 corresponding to this larger internal angle 0 increases the projected area of the useful aperture. Thus, even though the part of the aperture nearest the apex is not usable, larger beams may be injected into the slab at larger values of 6. It is interesting to note that for 0 > s the zigzag-slab geometry leads to the entire volume of the slab (except for the usually unpumped region right near the apex) being double-passed by any beam filling the useful aperture. This reduces the effective saturation intensity or fluence. Correspondingly, the longer zigzag path increases the gain over the level possible when propagation is parallel to the long slab axis.
The Nd:YAG slab amplifier is being used in a threepass configuration as a component of a coherent LI-DAR system. In this application it amplifies pulses with widths ranging from 0.5 to 10 ,usec, which are created by gating the cw output of the oscillator with an acousto-optic modulator. At full flash-lamp-pump energy, saturation of the gain is observed for the longer pulses. For a 7-psec, 12-mJ output pulse the gain was reduced by 3 dB. This low saturation energy is due to the high gain; a multiple-pass 60-dB gain amplifier has its gain reduced by 50% when only 1/20 of the energy has been extracted (60 dB/20 = 3 dB). Thus the multipass configuration must operate with low energy extraction for long pulses, and a following power amplifier is required to reach the 100-mJ level or higher.
For pulses shorter than a few nanoseconds, the multipass slab can act as both high-gain preamplifier and efficient power amplifier, since the distance separating amplifier stages exceeds the pulse length. In this application the amplifier may be used to amplify mode-locked laser outputs to higher energy levels.
In conclusion, we have demonstrated a flash-lamppumped slab Nd:YAG laser amplifier with 62 dB of gain. The amplifier remained linear (unsaturated) for energy extraction up to 12 mJ. Beam spatial quality remained good at repetition rates up to 10 Hz.
The slab geometry also provides for gain averaging in the zigzag dimension, thus eliminating the undesirable effects of nonuniform pumping. This averaging and the necessity for only a single compact gain element are valuable attributes that may allow for eventual laser-diode array pumping of the slab Nd:YAG amplifier.
